Sirtuin 3 (Sirt3)-modified mitochondrial fission participates in the progression of several types of cancers. However, its role in tongue cancer requires investigation. The aim of our study is to determine whether Sirt3 knockdown regulates the viability of tongue cancer cells via modulating mitochondrial fission. Two types of tongue cancer cells were used in the present study, and siRNA was transfected into the cells to suppress Sirt3 expression. Mitochondrial function and cell apoptosis were determined via immunofluorescence, Western blotting, ELISA, and qPCR assays. A pathway blocker was applied to verify the role of the JNKFis1 signaling pathway in regulation of mitochondrial fission. The present study showed that loss of Sirt3 promoted tongue cancer cell death in a manner dependent on mitochondrial apoptosis. Mitochondrial oxidative stress, energy metabolism disorder, mitochondrial cyt-c liberation, and mitochondrial apoptosis activation were observed after Sirt3 silencing. Furthermore, we demonstrated that Sirt3 knockdown activated mitochondrial stress via triggering Fis1-related mitochondrial fission and that inhibition of Fis1-related mitochondrial fission abrogated the pro-apoptotic effect of Sirt3 knockdown on tongue cancer cells. To this end, we found that Sirt3 modulated Fis1 expression via the c-Jun N-terminal kinases (JNK) signaling pathway and that blockade of the JNK pathway attenuated mitochondrial stress and repressed apoptosis in Sirt3 knockdown cells. Altogether, our results identified a tumor-suppressive role for Sirt3 deficiency in tongue cancer via activation of the JNK-Fis1 axis and subsequent initiation of fatal mitochondrial fission. Given these findings, strategies to repress Sirt3 activity and enhance the JNK-Fis1-mitochondrial fission cascade have clinical benefits for patients with tongue cancer.
Introduction
Oral cancer is the sixth most common type of cancer in the global human population. Tongue cancer that occurs on the anterior part of the tongue is also termed oral tongue cancer (Zhou et al. 2017f ). The symptoms of tongue cancer include a red or white patch on the tongue, pain while swallowing, and a constant sore throat (Xu et al. 2017) . Although advances have been made in the diagnosis and treatment of tongue cancer over the last decade, the morbidity and mortality in young patients (< 40 years old) have significantly increased . Moreover, the tumorigenesis of the tongue has not been fully elucidated. Accordingly, achieving a better understanding of the molecular mechanism underlying the development of tongue cancer is essential for the design of effective treatment approaches.
Sirtuin 3 (Sirt3) is associated with cancer survival, including ovarian cancer cells, renal carcinoma, and colorectal cancer (Wang et al. 2018b) . At the molecular level, lower Sirt3 expression has been associated with mitochondrial oxidative stress and ATP depletion . Moreover, decreased Sirt3 induces mitochondrial dysfunction and cell apoptosis, and Sirt3 inhibition can repress cancer migration via modifying the Src/Fak signaling pathway (van Beijnum et al. 2017) . Besides, Sirt3 knockout also leads to c-Jun N-terminal kinases (JNK) pathway activation and ROS overproduction (Jing et al. 2011) . These data confirm the tumor-suppressive property of Sirt3 inhibition on cancer survival, metabolism, and invasion (Schluter et al. 2017) . Interestingly, no study has explored the detailed role of Sirt3 in tongue cancer.
Based on previous findings, mitochondria are the primary downstream target of Sirt3 (Kalyanaraman 2017) . Structurally, Sirt3 is a type of a mitochondrial NAD + -dependent deacetylase that is preferentially localized to mitochondria and closely modulates mitochondrial function and structure (Pryds et al. 2017) . Decreased Sirt3 in cervical cancer HeLa cells triggers significant mitochondrial ROS overproduction. In colorectal cancer, knockdown of Sirt3 activates mitochondrial fission that initiates mitochondrial apoptosis in a manner dependent on caspase-9 (Wang et al. 2018b ). Sirt3 repression also impairs the amplification of mitochondrial DNA and consequently inhibits mitochondrial biogenesis (Turner et al. 2017) . In addition to the well-documented role of Sirt3 inhibition in mediating mitochondrial damage, exploring whether Sirt3 inhibition contributes to tongue cancer cell apoptosis via inducing mitochondrial stress is worthwhile.
Recently, mitochondrial fission has been connected to cancer apoptosis via multiple mechanisms (Zhou et al. 2018e) . Several mitochondrial pathological processes are closely handled by mitochondrial fission, including mitochondrial redox balance ), mitochondrial autophagy (Jin et al. 2018) , mitochondrial calcium management (Zhu et al. 2018a ), mitochondrial energy synthesis (Yan et al. 2018a) , and mitochondrial pro-apoptotic factor liberation . Abnormal mitochondrial fission generates massive mitochondrial debris with lower mitochondrial potential that cannot produce ATP to ensure cancer metabolism. Moreover, due to mitochondrial membrane damage, fragmented mitochondria release pro-apoptotic factors and/ or calcium into the cytoplasm/nucleus and activate the mitochondria-dependent apoptotic pathway (Zhao et al. 2018) . Mechanistically, mitochondrial fission is primarily regulated by mitochondrial fission factors, such as Fis1 and its ligand Drp1. Interestingly, Fis1-related mitochondrial fission has been associated with tongue cancer apoptosis through a poorly understood mechanism. In other cancer types, Fis1-related mitochondrial fission is also associated with cancer mitochondrial damage and cell apoptosis. However, whether Fis1-related mitochondrial fission modifies tongue cancer apoptosis via regulating mitochondrial function is unknown. Therefore, the aim of our study is to explore the roles of Sirt3 and Fis1-related mitochondrial fission in tongue cancer apoptosis with a particular focus on mitochondrial stress.
Materials and methods

Cell culture and treatment
Two types of tongue cancer cell lines [SCC-15 (ATCC® CRL-1623™) and SCC-9 (ATCC® CRL-1629™) cells] were used in the present study. These cells were cultured in L-DMEM (Thermo Fisher Scientific, Inc., Waltham, MA, USA) with 10% fetal bovine serum (HyClone; GE Healthcare Life Sciences, Logan, UT, USA) under 37°C/5% CO 2 . After the cells reached 70-80% confluence, two independent siRNAs against Sirt3 were transfected into the cells. To inhibit JNK activation, SP600125 (25 μM, Selleck Chemicals, Houston, TX, USA) was added to the medium for 2 h.
TUNEL staining and MTT assay
Cellular death was measured via TUNEL assay. TUNEL staining was performed using a One Step TUNEL Apoptosis Assay Kit (Beyotime, China, Cat. No.: C1086) according to the manufacturer's instructions. The MTT assay was performed according to the methods used in a previous study. Cells were plated onto a 96-well plate. MTT solution (Beyotime, China, Cat. No.: C0009) was then added into the medium, and the cells were incubated for approximately 2 h at 37°C/5% CO 2 . The optical density (OD) of the MTT solution was recorded using a microplate reader (490 nm absorbance; Epoch 2; BioTek Instruments, Inc., Winooski, VT, USA) 24 h after siRNA transfection (Tenreiro et al. 2017 ). An LDH release assay was conducted using a commercial kit (Beyotime, China, Cat. No.: C0016) according to the manufacturer's instructions (Gadicherla et al. 2017 ).
Western blotting
Cells were lysed in RIPA Lysis Buffer (Beyotime, China, Cat. No.: P0013C). After high-speed centrifugation, the proteins were collected and quantified with the Enhanced BCA Protein Assay Kit (Beyotime, China, Cat. No.: P0009) (Ackermann et al. 2017 ). Subsequently, 40-60 μg of protein was loaded onto 10% SDS-PAGE gels and transferred to PVDF membranes. The membranes were washed with TBST and then blocked with 5% non-fat milk for 45 min at room temperature. The primary antibodies used in the present study were as follows (Zhai et al. 2017 
Immunofluorescence
Cells were washed with PBS at room temperature to remove the DMEM. Then, the cells were fixed in 3.7% paraformaldehyde for 30 min at room temperature and permeabilized with a-d Two independent Sirt3 siRNAs were transfected into SCC-15 and SCC-9 tongue cancer cells. Western blotting was used to observe the knockdown efficiency. e-f The MTT assay was used for cell viability detection. Two independent Sirt3 siRNAs were transfected into SCC-15 and SCC-9 tongue cancer cells. g-i TUNEL staining for apoptotic cells. Green dots were recorded, and the ratio of TUNEL-positive cells was evaluated to reflect cell apoptosis. j and k Caspase-3 activity was measured via ELISA. Two independent siRNAs were transfected into SCC-15 and SCC-9 tongue cancer cells. l-q Western blotting was performed to analyze the expression of pro-apoptotic proteins, such as cleaved caspase0.1% Triton X-100 for 10 min at 4°C. The cells were then washed with PBS, and 10% goat serum albumin was used to block the samples for 45 min at room temperature. The samples were again washed with PBS and then incubated overnight with the following primary antibodies: cyt-c (1:500; Abcam; #ab90529), Fis1 (1:1000, Abcam, #ab71498), and Tom-20 (1:1000, Abcam, #ab186735) (Zhou et al. 2018c ). The average length of the mitochondria was measured on an inverted microscope to quantify mitochondrial fission (BX51; Olympus Corporation, Tokyo, Japan) as described in the previous study (Zhou et al. 2018f) . The experiments were performed in triplicate and repeated three times with similar results.
Mitochondrial potential observation
The mitochondrial membrane potential was determined by JC-1 staining. Live cells were washed with PBS, and a JC-1 solution was then added to the medium (Lee et al. 2017 ). The cells were incubated at 37°C/5% CO 2 for 30 min, washed with PBS, loaded with DAPI, and then observed under a fluorescence microscope.
Caspase activity detection
The caspase-3 and caspase-9 activities were determined using commercial kits (Beyotime Institute of Biotechnology). The levels of antioxidant factors, including GPX, SOD, and GSH, were measured with ELISA kits purchased from the Beyotime Institute of Biotechnology. The experiments were performed in triplicate and repeated three times with similar results (Blackburn et al. 2017 ).
Flow cytometry for mROS
Mitochondrial ROS production was measured via flow cytometry as described by a previous study. Cells were washed three times in PBS and incubated with MitoSOX Red Mitochondrial Superoxide Indicator (Molecular Probes, USA) for 30 min at 37°C/5% CO 2 in the dark (Zhang et al. 2016) . After incubation, the cells were washed three times in PBS at room temperature, and the mitochondrial ROS production was measured via flow cytometry.
Transfection
siRNA transfection was used to suppress Sirt3 and Fis1 expression. Two independent siRNAs against Sirt3 (siRNA1-Sirt3 and siRNA2-Sirt3, Yangzhou Ruibo Biotech Co., Ltd., Yangzhou, China) and siRNA against Fis1 (siRNA-Fis1, Yangzhou Ruibo Biotech Co., Ltd., Yangzhou, China) were transfected into the tongue cancer cell lines using Lipofectamine 2000 (Invitrogen, Carlsbad, CA, USA) according to the manufacturer's protocol (Das et al. 2017 ). The negative control group was transfected with a negative control siRNA. The transfection was performed for approximately 48 h. Then, Western blotting was performed to verify the knockdown efficiency after harvesting the transfected cells. The experiments were performed in triplicate and repeated three times with similar results (Zhou et al. 2018e ).
Statistical analysis
All results presented in this study were acquired from at least three independent experiments. The statistical analyses were performed using SPSS 16.0 (SPSS, Inc., Chicago, IL, USA). All results in the present study were analyzed by one-way analysis of variance, followed by Tukey's test. p < 0.05 was considered statistically significant.
Results
Sirt3 silencing promotes apoptosis in tongue cancer cells
To investigate the role of Sirt3 in tongue cancer apoptosis, two independent siRNAs were transfected into the SCC-15 and SCC-9 cells. The knockdown efficiency was confirmed via Western blotting (Fig. 1a-d) . Then, cell viability was measured using the MTT assay. Compared to that of the control group, Sirt3 siRNA transfection significantly reduced the cell viability of both the SCC-15 and SCC-9 cells (Fig. 1e, f) . Notably, Z-VAD-FMK treatment could abolish the proapoptotic effects of Sirt3 siRNAs on tongue cancer, indicating that Sirt3 mediates cell apoptosis in tongue cancer. To evaluate whether the reduction in cell viability was attributable to increased apoptosis, TUNEL staining was performed. As shown in Fig. 1g -i, compared to that of the control group, loss of Sirt3 elevated the ratio of TUNEL-positive cells, suggesting that Sirt3 knockdown promoted cell apoptosis in both the SCC-15 and SCC-9 cells. This result was confirmed via evaluating the caspase-3 activity. As shown in Fig. 1j , k, Sirt3 deficiency increased caspase-3 activity in both the SCC-15 and SCC-9 cells. In addition to caspase-3 activation, cleaved caspase-3 and PARP (the substrate of caspase-3 activation) expression were upregulated in response to Sirt3 siRNA Fig. 2 Mitochondrial apoptosis is activated by Sirt3 knockdown. a-d Mitochondrial membrane potential was observed using JC-1 staining. e and f ATP production was measured in SCC-15 and SCC-9 cells. Two independent siRNAs were transfected into SCC-15 and SCC-9 tongue cancer cells. g-j Mitochondrial ROS production was analyzed using flow cytometry. The relative ROS content was recorded as a ratio to that of the control group. k-r Western blotting was performed to analyze the expression of mitochondrial apoptotic proteins. Two independent siRNAs were transfected into SCC-15 and SCC-9 tongue cancer cells. *p < 0.05 vs. sictrl (control siRNA) b Fig. 3 Sirt3 knockdown activates mitochondrial fission in a manner dependent on Fis1. a-d Immunofluorescence for mitochondria using a mitochondrial-specific antibody Tom-20. The average length of the mitochondria was measured, and this parameter was used to quantify mitochondrial fission. e-l Western blotting was applied to evaluate the expression of pro-fission proteins, including Drp1, Mff, and Fis1. Relative Fis1 expression was recorded in response to Sirt3 deletion. *p < 0.05 vs. si-ctrl (control siRNA) transfection (Fig. 1l-q) . Altogether, these data indicated that Sirt3 knockdown promoted apoptosis in tongue cancer cells.
Sirt3 silencing activates mitochondrial apoptosis
Subsequently, we explored the mechanism by which Sirt3 knockdown induced apoptosis in tongue cancer cells. Previous studies have suggested that Sirt3 is a mitochondrial NAD + -dependent deacetylase that modulates mitochondrial homeostasis (Anamika et al. 2017; Parodi-Rullan et al. 2018) . Based on this information, we investigated whether Sirt3 knockdown activated mitochondria-dependent apoptosis in tongue cancer. The early feature of mitochondrial apoptosis is a reduction in the mitochondrial membrane potential that reflects mitochondrial function, such as ATP production and oxidative stress (Fuhrmann and Brune 2017) . Using JC-1 staining, which is a probe of the mitochondrial membrane potential, we found that Sirt3 deficiency reduced the mitochondrial potential compared to that of the control group ( Fig. 2a-d) . In light of the central role of the mitochondrial potential in ATP production, we measured total ATP production in the Sirt3-deleted cells. Compared to that of the control group, Sirt3 knockdown significantly alleviated ATP production in both the SCC-15 and SCC-9 cells (Fig. 2e, f) . We also found that mitochondrial ROS production was significantly increased in response to Sirt3 knockdown as assessed via flow cytometry (Fig. 2g-j) , indicating that Sirt3 deficiency induced mitochondrial oxidative injury.
The late feature of mitochondrial apoptosis is the activation of mitochondrial apoptotic proteins (Zhou et al. 2017a) . With the help of Western blotting, we found that the pro-apoptotic factors related to mitochondrial apoptosis, such as caspase-9 and Bax, were significantly upregulated in the Sirt3-deleted cells (Fig. 2k-r) . Conversely, the anti-apoptotic protein related to mitochondrial apoptosis, such as Bcl-2, was obviously downregulated in response to Sirt3 silencing (Fig. 2k-r) . Altogether, our data illustrated that Sirt3 knockdown was accompanied by activation of mitochondrial apoptosis in tongue cancer.
Loss of Sirt3 triggers Fis1-related mitochondrial fission
Next, experiments were conducted to analyze the mechanism by which Sirt3 knockdown activated mitochondrial apoptosis. Previous studies have found a causal role of mitochondrial fission in initiating the caspase-9-related mitochondrial apoptosis pathways in several cancer types (Wang et al. 2018b ). Based on this information, we examined whether Sirt3 knockdown induced mitochondrial apoptosis in a manner dependent on mitochondrial fission. To answer this question, the mitochondrial morphology was observed in response to Sirt3 knockdown in both the SCC-15 and SCC-9 cells. As shown in Fig. 3a-d , compared to that of the control group, loss of Sirt3 generated significant massive fragmentation of the mitochondria. Subsequently, the mitochondrial length was measured to quantify mitochondrial fission according to the method described in previous reports (Zhou et al. 2017e) . As shown in Fig. 3A -D, compared to that in the control group, the length of the mitochondria decreased to~2.3 μm after Sirt3 was silenced, reconfirming activation of mitochondrial fission under Sirt3 knockdown.
Based on previous findings Zhou et al. 2019) , Fis1 is an indispensable factor that regulates mitochondrial division. In the present study, using the Western blotting assay, we found that Fis1 expression was significantly increased in response to Sirt3 knockdown in both the SCC-9 and SCC-15 cells (Fig. 3e-l) . As a consequence of Fis1 upregulation, the expression of pro-fission proteins, such as Drp1 and Mff, were mostly increased in the Sirt3-silenced cells compared to those in the control group (Fig. 3e-l) . This information highlighted the promotive effects of Sirt3 knockdown on mitochondrial fission.
Inhibition of Fis1-related mitochondrial fission reduces mitochondrial stress and promotes cell survival in tongue cancer cells
The above data validated the regulatory effects of Sirt3 on Fis1-related mitochondrial fission (Sigala et al. 2017 ). However, whether Fis1-related mitochondrial fission is required for the mitochondrial damage and cell apoptosis induced by Sirt3 silencing is unknown. To answer this question, Fis1 was knocked down using siRNA. The knockdown efficiency was confirmed via Western blotting (Fig. 4a-d) . Then, mitochondrial stress was determined via analyzing ROS production and cyt-c liberation. The feature of mitochondrial stress is cyt-c liberation into the cytoplasm/nucleus due to mitochondrial membrane damage (Zhou et al. 2017a) . Once translocated from the mitochondria into the nucleus, cyt-c would initiate mitochondrial apoptosis. Using an immunofluorescence assay, we found that nuclear cytc expression was increased in response to Sirt3 knockdown in both the SCC-9 and SCC-15 cells (Fig. 4e-h ), confirming that Sirt3 knockdown contributed to cyt-c migration to the nucleus. However, Sirt3 deficiency-mediated cyt-c liberation was negated by Fis1 silencing. This result was also confirmed via Western blotting (Fig. 4j, k) . Subsequently, mitochondrial ROS was analyzed via flow cytometry. As shown in Fig. 4m o, compared with that of the control group, Sirt3 knockdown promoted ROS overloading, and this effect was abolished by the Fis1 siRNA. This information verified the necessary role played by Fis1-related mitochondrial fission in aggravating Sirt3-mediated mitochondrial stress.
To assess cell apoptosis, a caspase-9 activity assay was performed. As shown in Fig. 4p , q, compared to that of the control group, caspase-9 activity was significantly increased in response to Sirt3 knockdown. However, loss of Fis1 abrogated the pro-apoptotic property of Sirt3 knockdown in tongue cancer cells. Altogether, these results supported the functional importance of Fis1-related mitochondrial fission in triggering Sirt3-related mitochondrial stress and cancer cell apoptosis.
Sirt3 inhibits Fis1 via activating the MAPK-JNK signaling pathway
To this end, we investigated the molecular mechanisms by which Sirt3 modulated Fis1 in tongue cancer cells. According to the previous study (Blackburn et al. 2017; Gao et al. 2017) , the MAPK-JNK signaling pathway was involved in mitochondrial fission management via modifying the expression of pro-fission factors, such as Mff (Jin et al. 2018) . In the present study, we evaluated whether Sirt3 affected Fis1 expression via the MAPK-JNK pathway. Western blotting demonstrated that phosphorylated JNK (p-JNK) was significantly increased in response to Sirt3 knockdown that was indicative of JNK activation under Sirt3 silencing (Fig. 5a-f ). Subsequently, SP600125, which is a JNK pathway blocker, was added to the Sirt3-knocked down cells. Then, the p-JNK and Fis1 expression levels were observed. As shown in Fig. 5a -f, after blockade of the JNK pathway, p-JNK expression was obviously downregulated and was accompanied by a decrease in Fis1 expression. This result was further verified via immunofluorescence. Compared to that of the control group, abundant Fis1 expression was observed in the Sirt3-deleted group (Fig. 5g-j) . However, the Fis1 levels were rapidly downregulated in response to SP600125 (Fig. 5g-j) , reconfirming that the MAPK-JNK signaling pathway was involved in Fis1 expression.
The MAPK-JNK signaling pathway also affects mitochondrial function and cell survival Lastly, we explored whether the MAPK-JNK signaling pathway participated in mitochondrial stress and cancer cell apoptosis (Conradi et al. 2017) . To address this question, a pathway blocker was used. As shown in Fig. 6a , b, compared to that of the control group, Sirt3 knockdown elevated caspase-9 activity, and this effect was nullified by SP600125. Total ATP production was also repressed by Sirt3 deletion, and this effect was reversed by SP600125 (Fig. 6c, d) . These results indicated that inhibition of the JNK pathway alleviated Sirt3-mediated mitochondrial stress. To assess cell survival, the MTT and LDH release assays were performed. As shown in Fig. 6e , f, compared to that of the control group, cell viability as assessed by MTT was significantly reduced in response to Sirt3 knockdown and was reversed to near-normal levels by SP600125 treatment. Moreover, cell death as evaluated by the LDH release assay was enhanced by Sirt3. However, SP600125 treatment attenuated Sirt3-mediated cell death (Fig. 6g, h) . Similarly, the number of TUNEL-positive cells was significantly increased in the Sirt3-deleted cells, and this effect was abolished by SP600125 (Fig. 6i-l) . Altogether, these results illustrated that the MAPK-JNK pathway was involved in Sirt3-related mitochondrial stress and cell apoptosis in tongue cancer cells.
Discussion
In the present study, our results identified the anti-tumor effects and mechanisms of Sirt3 knockdown in tongue cancer. Two types of tongue cancer cell lines were used in the present study, and two independent siRNAs targeting Sirt3 were transfected into these cells. Using an array of functional investigations, we demonstrated that Sirt3 knockdown promoted cell apoptosis via inducing mitochondrial stress. Our results further highlighted the necessary role of Fis1-related mitochondrial fission in mediating mitochondrial stress, because inhibition of Fis1-related mitochondrial fission sustained mitochondrial function and repressed cancer cell apoptosis. To this end, the molecular analysis illustrated that Sirt3 modulated Fis1 via the MAPK-JNK pathway that was also involved in Sirt3-mediated mitochondrial stress and cancer death. Collectively, this study is the first to explore the actions of Sirt3 and Fis1-related mitochondrial fission in tongue cancer cell viability (Fig. 7) . Based on our results, the Sirt3-JNK-Fis1 signaling pathway should be considered as a potential target to treat tongue cancer via inducing cell apoptosis and mitochondrial stress (Fukumoto et al. 2018) . Notably, more investigations in animal research and clinical practice are required to obtain more complete elucidation of the properties of Sirt3-modified Fis1 mitochondrial fission in tongue cancer death.
Strong evidence supports the pro-apoptotic role of mitochondrial fission in initiating the mitochondrial apoptosis pathway in various cancer types (Zhou et al. 2017b; Zhou et al. 2017c ). For example, in lung cancer, ovarian cancer, breast cancer, liver cancer, pancreatic cancer, and colorectal cancer (Wang et al. 2018b) , mitochondrial fission has been well recognized as a major pro-apoptotic factor via regulation of mitochondrial homeostasis, ER stress, and the inflammatory response (Zhou et al. 2017e) . Mechanistically, excessive mitochondrial fission produces massive mitochondrial debris Fig. 4 Loss of Fis1-related mitochondrial fission attenuates mitochondrial damage and cell apoptosis. a-d Fis1 siRNA was transfected into SCC-15 and SCC-9 tongue cancer cells. Western blotting was used to analyze the knockdown efficiency. e-h Immunofluorescence for cyt-c liberation. Relative nuclear cyt-c expression was recorded as a ratio to that of the control group. Fis1 siRNA was transfected into SCC-15 and SCC-9 tongue cancer cells. i-l Western blotting was used to observe the translocation of cyt-c from mitochondria into cytoplasm. m-o Flow cytometry was performed to analyze the mitochondrial ROS levels in response to Fis1 deletion. p and q Caspase-9 activity was measured using ELISA. *p < 0.05 vs. si-ctrl (control siRNA); #p < 0.05 vs. si1-sirt3 (Sirt3 siRNA1) that contains a lower mitochondrial membrane potential and fragmentary DNA (Zhou et al. 2017a; Zhou et al. 2018b ). These damaged mitochondria cannot generate sufficient ATP to fuel cell metabolism but instead liberate pro-apoptotic factors into the cytoplasm/nucleus to initiate the mitochondriarelated apoptosis pathway (Yan et al. 2018b; Zhao et al. 2018) . For example, in endothelial oxidative injury, mitochondrial fission impairs mitochondrial DNA transcription and replication and consequently represses mitochondrial respiratory complex expression (Zhou et al. 2017a ), leading to ATP depletion. Additionally, in cardiac ischemia reperfusion injury (Zhou et al. 2018d) , abnormal mitochondrial fission interrupts mitophagy and promotes mitochondrial calcium overloading, which obligates cardiomyocytes to undergo death. In rectal cancer , aberrant mitochondrial fission mediates cellular oxidative stress that blunts cancer migration. In the present study, our results indicated that mitochondrial fission was associated with mitochondrial apoptosis and mitochondrial ROS overproduction (Koopman et al. 2017; Zhou et al. 2017d ); inhibition of mitochondrial fission sustained mitochondrial metabolism and attenuated mitochondrial damage, finally promoting cancer cell survival (Souza et al. 2018) . Therefore, our results combined with those of previous studies lay the foundation for understanding the molecular features of mitochondrial fission in mitochondrial damage and substantiate the sufficiency and necessity of mitochondrial fission in inducing cancer death (Koentges et al. 2017; Reddy et al. 2018 ). Fig. 6 The JNK signaling pathway participates in mitochondrial stress and cell apoptosis. a and b Caspase-9 activity was measured by ELISA. SP600125 was used to inhibit JNK activation. c and d ATP production was determined in response to JNK inhibition using SP600125. e and f Cell viability was measured via the MTT assay, and SP600125 was used to inhibit JNK activation. g and h The LDH release assay was performed to analyze cell death via ELISA. i-l TUNEL staining for apoptotic cell and the number of apoptosis was recorded in response to SP600125. *p < 0.05 vs. si-ctrl (control siRNA); #p < 0.05 vs. si1-sirt3 (Sirt3 siRNA1)
In the present study, we provided a piece of evidence to support the regulatory effects of Fis1 in inducing mitochondrial fission in tongue cancer. This finding was similar to those of the previous studies (Shi et al. 2018; Zhu et al. 2018b ). For example, lipopolysaccharide-induced oxidative injury in alveolar macrophages was associated with Fis1 activation and subsequent mitochondrial fission (Kiel et al. 2017; Lagerweij et al. 2017) . Moreover, Fis1-related mitochondrial fission was also involved in the self-renewal of acute myeloid leukemia stem cells (Lin et al. 2017; Zhou et al. 2017b ). In bladder cancer cells, activation of Fis1-related mitochondrial fission impairs cancer invasion and attenuates tumor chemoresistance (Hooshdaran et al. 2017; Jokinen et al. 2017) . Importantly, a recent study has reported that the sensitivity of tongue cancer to cisplatin is closely regulated by miR-483-5p via modulating Fis1 expression (Hambright et al. 2017; Korbel et al. 2018) . In the present study, we observed a direct role of Fis1-related mitochondrial fission in initiating mitochondrial apoptosis in tongue cells (Gonzalez et al. 2018; Morell et al. 2017 ). This finding helps further understanding of the causal action of Fis1 in tongue cancer cell viability. From a therapeutic perspective, clinicians should bear in mind that activation of Fis1-related mitochondrial fission is of utmost importance when designing anti-tumor therapies for tongue cancer cells (Fuhrmann and Brune 2017; Iggena et al. 2017) .
Herein, we reported that Sirt3 modulated Fis1-related mitochondrial fission via the MAPK-JNK pathway. The relationship between the JNK pathway and Fis1-related mitochondrial fission has been extensively explored. In acute myocardial ischemia reperfusion injury and chronic heart fibrosis, activated JNK promotes mitochondrial fission and cardiomyocyte death. Similarly, in liver cancer, rectal cancer, gastric cancer, endometriosis, and cervical cancer, the JNK pathway has been identified as the upstream factor for mitochondrial fission activation. In agreement with previous studies, we also found that inhibition of the JNK pathway repressed Fis1 expression and attenuated mitochondrial fission. These results define the JNK pathway as a tumor suppressor that acts by triggering mitochondrial fission with potential implications for new approaches to tongue cancer therapy.
Altogether, the present study identified the Sirt3-JNK-Fis1-mitochondrial fission axis as a potential candidate target for new therapies against tongue cancer. Loss of Sirt3 activated the JNK pathway and then upregulated Fis1 expression. Increased Fis1 expression triggered mitochondrial fission that exacerbated mitochondrial damage, ultimately initiating the mitochondriadependent apoptosis pathway in tongue cancer. Notably, a previous study has found that Sirt3 activation promotes Fis1 upregulation in the development of osteoarthritis ). This conclusion seems to oppose our observations. Thereby, our data, combined with the previous studies , support Sirt3 having multiple effects on mitochondrial stress and its potential functions depend on different cell types and a cellspecific context. Although our present study presents a new signaling pathway responsible for tongue cancer cell death, additional investigations using animal studies or human samples are needed to validate our concept and help transform basic research findings into clinical application. 
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Publisher's note Springer Nature remains neutral with regard to jurisdictional claims in published maps and institutional affiliations. Fig. 7 Loss of Sirt3 promoted tongue cancer cell death in a manner dependent on mitochondrial apoptosis. Sirt3 knockdown activated mitochondrial stress via triggering Fis1-related mitochondrial fission. Mitochondrial oxidative stress, energy metabolism disorder, mitochondrial cyt-c liberation, and mitochondrial apoptosis activation were observed after Sirt3 silencing. At the molecular levels, Sirt3 modulated Fis1 expression via the JNK signaling pathway
